The structure and dynamics of bacterial communities in the airways of persons with cystic fibrosis (CF) remain largely unknown. We characterized the bacterial communities in 126 sputum samples representing serial collections spanning 8-9 y from six age-matched male CF patients. Sputum DNA was analyzed by bar-coded pyrosequencing of the V3-V5 hypervariable region of the 16S rRNA gene, defining 662 operational taxonomic units (OTUs) from >633,000 sequences. Bacterial community diversity decreased significantly over time in patients with typically progressive lung disease but remained relatively stable in patients with a mild lung disease phenotype. Antibiotic use, rather than patient age or lung function, was the primary driver of decreasing diversity. Interpatient variability in community structure exceeded intrapatient variability in serial samples. Antibiotic treatment was associated with pronounced shifts in community structure, but communities showed both short-and longterm resilience after antibiotic perturbation. There was a positive correlation between OTU occurrence and relative abundance, with a small number of persistent OTUs accounting for the greatest abundance. Significant changes in community structure, diversity, or total bacterial density at the time of pulmonary exacerbation were not observed. Despite decreasing community diversity in patients with progressive disease, total bacterial density remained relatively stable over time. These findings show the critical relationship between airway bacterial community structure, disease stage, and clinical state at the time of sample collection. These features are the key parameters with which to assess the complex ecology of the CF airway. microbial ecology | microbiome | antibiotics
The structure and dynamics of bacterial communities in the airways of persons with cystic fibrosis (CF) remain largely unknown. We characterized the bacterial communities in 126 sputum samples representing serial collections spanning 8-9 y from six age-matched male CF patients. Sputum DNA was analyzed by bar-coded pyrosequencing of the V3-V5 hypervariable region of the 16S rRNA gene, defining 662 operational taxonomic units (OTUs) from >633,000 sequences. Bacterial community diversity decreased significantly over time in patients with typically progressive lung disease but remained relatively stable in patients with a mild lung disease phenotype. Antibiotic use, rather than patient age or lung function, was the primary driver of decreasing diversity. Interpatient variability in community structure exceeded intrapatient variability in serial samples. Antibiotic treatment was associated with pronounced shifts in community structure, but communities showed both short-and longterm resilience after antibiotic perturbation. There was a positive correlation between OTU occurrence and relative abundance, with a small number of persistent OTUs accounting for the greatest abundance. Significant changes in community structure, diversity, or total bacterial density at the time of pulmonary exacerbation were not observed. Despite decreasing community diversity in patients with progressive disease, total bacterial density remained relatively stable over time. These findings show the critical relationship between airway bacterial community structure, disease stage, and clinical state at the time of sample collection. These features are the key parameters with which to assess the complex ecology of the CF airway. microbial ecology | microbiome | antibiotics C hronic infection and inflammation of the airways are the leading causes of morbidity and mortality in cystic fibrosis (CF). Therefore it is reasonable to expect that a better understanding of airway infection in CF could provide opportunities for novel strategies to maintain lung health in this population. Recently, the microbiota of the CF airways has been assessed through the application of culture-independent methods that leverage the phylogenetic information of the bacterial 16S rRNA gene. By using a variety of techniques, including Sanger sequencing of clone libraries (1, 2) , terminal restriction fragment length polymorphism analysis (3, 4) , microarray hybridization (5, 6) , or pyrosequencing (7) , these studies have revealed the presence of a far more complex bacterial community in the airways of CF patients than previously appreciated with culture-based methods.
Most of these studies have been cross-sectional, analyzing samples collected at a single time point from individual patients. Correlations between microbial communities and disease progression in cross-sectional studies can be confounded by a host of variables, including patient age, sex, lung disease stage, and antibiotic use. Longitudinal studies that analyze serial samples obtained from individual patients over long periods of time allow better assessment of the impact of these potentially confounding variables in constructing tractable models of the relationship between the dynamics of the lung microbial community and disease progression (4, 8) .
In this study, we used a culture-independent approach to investigate intensively the dynamics of the CF airway bacterial communities over the course of 8-9 y in six age-and sex-matched CF patients. The findings reveal a dynamic ecological system that is influenced markedly by a patient's rate of disease progression as well as by disease stage and clinical state at the time of sampling. These features have significant bearing on measures of diversity and community structure, reinforcing the power of longitudinal studies in relating the status of the airway microbial community to CF disease activity.
Results
Patients and Lung Microbiota Measures. Multiple sputum samples were collected from six adult male patients with CF during the course of 8-9 y. Percent predicted forced expiratory volume in 1 s (%FEV 1 ) was used as a measure of lung function. Three patients (S1, S2, and S3) showed a mild phenotype of lung disease, maintaining relatively stable lung function over several years. The other three patients (P1, P2, and P3) had a more typical course of CF lung disease, exhibiting a progressive decline in lung function during the period of observation. Hereafter these two groups of patients are referred to as "stable" and "progressing" patients, respectively (Table 1 and Fig. 1A) .
The bacterial communities in 126 sputum samples obtained from these six patients were profiled using pyrosequencing of the 16S rRNA V3-V5 hypervariable region. A total of 633,746 highquality reads were generated from these samples with an average of 5,030 reads per sample. From these sequences, 662 operational taxonomic units (OTUs) (based on 97% DNA sequence similarity) were identified. On average, 36 OTUs per sample were detected; however, the range was large OTUs per sample). After normalization to the sample with the smallest number of reads (1, 152) , 259 OTUs were included in further analyses. Among these, 47 OTUs each had a relative abundance of more than 1% in at least one sputum sample (Table S1) .
the Shannon index, fluctuated in serial samples from all patients but remained relatively constrained in the three stable patients (S1, S2 and S3). In contrast, serial samples from the three progressing patients (P1, P2 and P3) exhibited statistically significant decreases in community diversity during the course of several years ( Fig. 1B) .
CF is characterized by periods of relatively stable pulmonary function punctuated by episodic exacerbations of respiratory symptoms and decreased lung function which usually warrant antibiotic treatment. To examine the impact of these changes in clinical state on bacterial diversity, each of the 126 samples was assigned to one of four "BETR" categories: baseline (B); pulmonary exacerbation before initiation of episodic antibiotic therapy (E); antibiotic treatment of pulmonary exacerbation (T); and recovering from pulmonary exacerbation (R) ( Table 2) . Eight samples with insufficient medical record information were labeled as "unknown" (U). Not unexpectedly, a comparison of the diversity of bacterial communities revealed that treatment samples, collected when patients were receiving antibiotics for exacerbation, were significantly less diverse than baseline, exacerbation, or recovering samples (Fig. 1C ). No significant differences in diversity levels were observed between baseline and exacerbation samples, whereas diversity levels from recovering samples were significantly lower than those from exacerbation samples.
Impacts of Age, Antibiotic Therapy, and Lung Function on Diversity.
Having demonstrated that clinical state at the time of sample collection influences measures of community diversity, we next sought to assess the relative impacts of patient age, lung function, and antibiotic therapy on diversity. Antibiotic load was quantified as the sum of the number of days a patient received antibiotics (prescribed for maintenance therapy as well as for acute treatment of pulmonary exacerbations) during the 30 d before specimen collection (see SI Materials and Methods for details). In the three stable patients, the diversity of the community did not decrease significantly with increasing age and mildly decreasing lung function ( Fig. 1B) ; similarly, no significant decrease in diversity was observed after adjustment for antibiotic load. In contrast, in the three progressing patients, where increasing age and decreasing lung function were each associated with decreasing diversity, adjustment for antibiotic load eliminated or diminished the statistical significance of these trends ( Fig. S1 ).
Samples from all six patients were combined to explore further the effects of age, lung function, and antibiotic load on diversity in both univariate and multivariate linear mixed models (Table S2 ). In the univariate models, all three variables were correlated individually with decreasing diversity. In the multivariate model, however, antibiotic use was the strongest predictor of decrease in diversity, overshadowing the contributions of age and lung function to contribute to a significant trend (P < 0.001 for antibiotic load; P > 0.10 for age and lung function; see SI Results for details). Collectively, these results indicated that antibiotic use, rather than patient age or lung function, was the primary driver of the decreasing bacterial diversity observed in patients with typically progressive CF lung disease.
Community Structure Dynamics. We compared community structures across patients to determine if interindividual differences in structure exceeded the changes we observed between serial samples from the same patient. Pairwise ecologic distances were calculated for all samples using the Bray-Curtis (BC) distance metric, which takes into account both community membership and relative abundance. These distances then were visualized by principal coordinate analysis (PCoA), which showed considerable overlap between communities from the two sets of stable and progressing patients ( Fig. 2A ). However, in comparing patient pairs, PCoA revealed appreciably distinct communities in individual patients ( Fig. S2 ). Likewise, analysis of molecular variance (AMOVA) (9) showed significant differences in communities between all patient pairs, except between patients P2 and P3.
BC-based PCoA plots of communities from individual patients also showed the impact of clinical state on the dynamics of community structure (Fig. 2B ). The majority of sputum samples from the three stable patients were collected during baseline states, and communities clustered in limited areas of PCoA plots. In contrast, the three progressing patients experienced more exacerbations and more courses of antibiotic treatment. Baseline and exacerbation samples from these patients clustered in the left half of the PCoA plots, whereas samples collected during antibiotic treatment drifted into other areas, particularly in patients P1 and P3. PCoA using the Jaccard distance metric, which takes into account only community membership, revealed similar results (Fig. S3 ).
The significance of the relationships between the structure of the bacterial community (measured as BC distance), patient age, %FEV 1 , and antibiotic load was assessed using the Mantel test. The positive correlation between BC distance and antibiotic load was greater (Mantel r = 0.32, P < 0.01) than that between BC distance and age (Mantel r = 0.20, P < 0.01) or between BC distance and %FEV 1 (Mantel r = 0.22, P < 0.01). When antibiotic load was used as a control in a partial Mantel test, lesser correlations between BC distance and age (Mantel r = 0.11, P = 0.02) and between BC distance and %FEV 1 (Mantel r = 0.12, P < 0.01) were observed.
Communities in samples obtained after recovery from treatment of exacerbation were closer to the baseline and exacerbation (preantibiotic) communities in the ordination than were samples obtained during antibiotic treatment, suggesting resiliency of communities after antibiotic perturbation. For example, sample 10 from patient P1 ( Fig. 2B ) was obtained at baseline, and sample 11 was obtained 15 wk later during treatment for an exacerbation. Sample 12 was collected after return to baseline 11 wk thereafter and resided close to sample 10 on the PCoA plot. Resiliency over the course of several years also was suggested by PCoA. In patient P2, for example, the community in the last collected sample, obtained during recovery from treatment for exacerbation, clustered close to the first sample, collected during baseline 8.5 y earlier. Similarly, the last samples obtained during periods without antibiotic treatment in patient P1 (sample 13, collected 7.5 y after the first sample) and in patient P3 (sample 12, collected 6.5 y after the first sample) also resided close to their respective first samples ( Fig. 2B ).
OTU Occurrence and Relative Abundance. The occurrence and relative abundance of OTUs were dynamic in serial samples from both stable and progressing patients ( Fig. 3, Fig. S4 , and Table  S1 ), but differences between these groups were noted. The most pronounced difference was with Staphylococcus, which occurred in 67% of samples from progressing patients but in only 6% of samples from stable patients. Within each patient's set of serial samples, certain OTUs were characterized as persistent, being defined as detected with a relative abundance of >1% in at least 50% of the samples obtained from that individual throughout the 8-9 y of observation. Pseudomonas was detected in at least 92% of samples in each patient (Table S1 ). Species in the S. milleri group were found in at least 58% of samples from each patient, and species in the S. mitis group were detected in at least 65% of samples from all patients except patient P3. A positive relationship was found between OTU occurrence and relative abundance. Although only 10 (3.9%) of the 259 total OTUs detected in the 126 sputum samples were defined as persistent (i.e., were found in more than 50% of samples in at least one of the six patients), these taxa accounted for 83-90% of the total relative abundance in each patient (Table S3 ).
Clinical state, particularly treatment of exacerbation, affected the occurrence and relative abundance of OTUs. In patient P3, for example, S. mitis group species were detected in 46% of all samples; however, they were detected in only 15% of samples obtained during treatment for exacerbation and in 86% of samples obtained at exacerbation before initiation of antibiotic therapy. In all three progressing patients, more OTUs were characterized as persistent when only samples obtained at baseline or exacerbation were considered (Table S3 ). In other words, in the absence of antibiotic treatment or recovery from treatment, more OTUs (primarily anaerobic species) met the criteria for being considered persistent in these patients.
The effects of repeated courses of antibiotic therapy for exacerbation were especially evident in later stages of lung disease, in which communities were heavily dominated by one or two OTUs ( Fig. 3 and Fig. S4 ). In patient P1, communities late in the disease course were heavily dominated by Achromobacter and Pseudomonas, with these two OTUs accounting for up to 99.9% Quantitation of Bacterial Load. Bacterial densities in samples were calculated by quantitative PCR analysis using a universal 16s rRNA primer-probe assay. No significant differences in total bacterial densities were detected in sputum samples from individual patients or from the three stable patients compared with the three progressing patients ( Fig. S5A ; P > 0.05, linear mixed model). Similarly, bacterial density did not differ significantly between samples based on clinical BETR state ( Fig. S5B ; P > 0.05, linear mixed model).
Discussion
Previous cross-sectional studies have reported that bacterial community diversity in CF is correlated positively with pulmonary function and inversely with patient age, suggesting a role for community composition in the pathophysiology of CF airway disease (5, 6) . In our longitudinal study, we, too, found a positive correlation between diversity and lung function; however, at the individual patient level, decreasing community diversity was not necessarily correlated with increasing age. In the three patients with a mild lung disease phenotype, community diversity remained quite stable throughout time spans of 8-9 y. Furthermore, in patients S1 and S2, community diversity levels were comparable to those observed late, during periods of advanced lung disease, in the three progressing patients ( Fig. 1B) . Thus, community diversity alone is not a sufficient indicator of disease status. Of particular note is patient S3, who was homozygous for the ΔF508 CF transmembrane conductance regulator allele, a genotype more commonly associated with a more aggressive lung disease phenotype. Despite having relatively mild lung disease, this patient had airway bacterial communities that were significantly more diverse than those in the other two stable patients and comparable to those observed in early samples from the three progressing patients ( Fig. 1B and Fig. S6 ). This apparent correlation between community diversity and CF genotype raises intriguing questions about the role the ΔF508 allele plays in susceptibility to airways infection. Schluchter and colleagues (10) characterized CF lung disease phenotype by using longitudinal pulmonary function data, demonstrating the advantages of this approach over the use of a single FEV 1 measurement to describe the severity of a patient's lung disease at a particular point in time. More recently, Konstan and colleagues (11) used these same principles to clarify the distinction between a patient's overall CF lung disease severity phenotype (lung disease aggressiveness) and that patient's current state of lung disease (lung disease stage). The rate at which %FEV 1 declines over a period is an indicator of the aggressiveness of a patient's lung disease, independent of the stage of the patient's lung disease, which is defined as "early" when serial %FEV 1 measures are >70; "intermediate" when %FEV 1 measures range between 70 and 40; and "advanced" when %FEV 1 measures are <40. In this context, the three stable patients included in our study can be described as having a mild lung disease-aggressiveness phenotype, and the three progressing patients represent a more typical moderate lung disease-aggressiveness phenotype (Fig. S7) . The scale and percent of variation explained by PC1 and PC2 for each plot are the same as shown in A. Upper row shows stable patients (S1, S2, S3); lower row shows progressing patients (P1, P2, P3). Circles represent individual sputum samples and are color coded to reflect BETR category (B, blue; E, red; T, green; R, yellow; U, gray); lines connect serial samples. Upright and inverted triangles indicate first and last samples, respectively, in each serial set. Samples 10-13 from patient P1 and sample 12 from patient P3 are indicated by black arrows and are described in the text. Our study demonstrates that among patients with moderately aggressive lung disease, disease stage (early, intermediate, or advanced), as indicated by %FEV 1 measures, has significant bearing on estimates of the diversity of the lung bacterial community. As the three (stable) patients with mildly aggressive lung disease ultimately progress from early to intermediate stages of disease, and as antibiotic therapy intensifies, a similar decrease in diversity likely would be observed; however, continued long-term follow-up of these patients will be necessary to demonstrate this decrease. More importantly, our results show that clinical state (BETR category) at the time of sample collection has a pronounced effect on measures of diversity. It remains to be determined how finer-scale demarcation of clinical state (e.g., subcategories taking into account the exact number of days on or off antibiotic therapy relative to sample collection) might further impact measures of community diversity.
The pathophysiologic bases for the intermittent exacerbations that characterize CF are poorly understood. Speculation has focused on presumed acute changes in the composition of the airways bacterial community around the time of exacerbation. Although we detected significantly lower community diversity in samples obtained during antibiotic treatment, we observed no differences in diversity between baseline samples obtained during periods of relatively stable health and samples obtained at the time of exacerbation but before initiation of antibiotic therapy. This lack of a clear microbial signature for the onset of exacerbation suggests that exacerbations (i) may not be associated with specific changes in airway bacterial communities; (ii) may be associated with changes in only a few OTUs and/or very minor changes in several OTUs; or (iii) may result primarily from host-specific factors such as the nature and degree of inflammatory response to some as yet undefined stimulus. We also found no significant changes in total bacterial density by quantitative PCR in samples based on clinical state, suggesting that the reduction in some OTUs with antibiotic treatment may be offset by an increase in other, possibly more resistant, OTUs. It is important to note, however, that our quantitative PCR analysis did not differentiate between live and dead bacterial cells (12) . Thus, it is likely that measures of bacterial density, particularly in samples obtained during antibiotic therapy, represent both viable and dead bacteria. Whether this distinction is important with respect to host inflammatory response and disease progression remains unclear.
It is clear from our results and those of others (5, 6) that, as most persons with CF age, lung function typically declines, antibiotic therapy both accumulates and accelerates, and the diversity of the airway community decreases. However, these confounding variables present a challenge to establishing a simple linear causeand-effect relationship between the progression of lung disease and decreasing community diversity. Although age, lung function (%FEV 1 ), and antibiotic use were all significantly correlated with community diversity in our study, we found that the effects of age and lung function lost significance when controlled for antibiotic use, suggesting that antibiotic therapy is the stronger driver of decreasing diversity. More robust models of antibiotic use in CF that incorporate antibiotic class, spectrum of activity, route of delivery, synergistic or antagonistic interactions, and duration of therapy are needed to provide a more precise understanding of the impact of antibiotic use on microbial community diversity.
Although we found considerable overlap in the community structures from all six patients, pairwise analyses using PCoA and AMOVA showed significant community differences between patient pairs (with the exception of patients P2 and P3), suggesting that interpatient variability in community structures exceeds intrapatient variability in longitudinal sample sets. When pairwise analyses were performed on subsets of samples based on disease stage ( Fig. S8 and Table S4 ), we found that communities from the three progressing patients become more or less distinct in the advanced stage of disease, depending on the dominant species. More specifically, the advanced-stage communities in samples from patient P1, which were dominated by Achromobacter, were quite distinct from those of patients P2 and P3, which were dominated by Pseudomonas. This result suggests that, as community diversity decreases in the advanced stage of disease, community structures adopt a smaller number of distinct profiles, mainly described by the species that dominates the community.
Our analyses of serial samples from individual patients reinforced the impact of antibiotic therapy on community structure dynamics. BC-based PCoA plots showed marked movement of communities in samples obtained during antibiotic therapy for exacerbation relative to other samples, with the correlation between BC distance and antibiotic use exceeding that of either BC distance and age or BC distance and %FEV 1 . Our results also suggest that CF airways communities are resilient after perturbation by antibiotics. PCoA plots of communities in serial samples from the three progressing patients generally show communities in treatment recovery samples returning to profiles resembling the communities in samples obtained before therapy, indicating that resilience, rather than stochastic reassembly of depleted communities with new species, drives community dynamics in CF. A more complete assessment of the resilience of CF airway communities will require analysis of a larger set of samples from around the time of exacerbations. An important question to address in this regard is whether the dynamic range of communities changes as diversity decreases with disease progression. It may be reasonable to expect that, as airway communities become increasingly constrained by repeated antibiotic use, they may exhibit greater resistance to further perturbation, particularly if the community becomes restricted to a small number of highly antibiotic-resistant species.
Our study reinforces the dominant role of Pseudomonas as a constituent of the CF airway microbiota. Pseudomonas was identified in all six patients and quite often represented the most abundant species in individual samples. Of particular note, the communities in patients S1 and S2 were dominated almost uniformly by Pseudomonas during 8-9 y of clinical stability, indicating that the presence of Pseudomonas, even in relatively high abundance, does not necessarily predict poor clinical outcome. Additional analyses that allow quantitative assessment of potential fluctuations in the absolute density of P. aeruginosa are required to understand better the ecology and clinical impact of this species in CF. Our study also reaffirms that several anaerobic species, including a number of Veillonella and Prevotella species, are common and relatively abundant members of the airway microbiota in CF (13) . The facultative anaerobic species of the S. milleri group (S. anginosus, S. constellatus, and S. intermedius) deserve particular attention. Using both culture and culture-independent methods, Sibley and colleagues (4) found that these species are detected frequently in CF respiratory samples and may be associated with clinical decline in health. Our results support these observations: S. milleri species were both persistent (present in most samples) and relatively abundant in all patients included in our study.
Our results support the recent observations by van der Gast and colleagues (2) that the CF airway bacterial metacommunity can be partitioned into two groups. One group is comprised of taxa that are prevalent and typically abundant; the other group consists of less commonly found species occurring in low abundance. We, too, found a positive correlation between OTU occurrence and relative abundance; communities in our six patients were dominated most often by Pseudomonas, S. milleri species, and strictly anaerobic species. Again, however, our results highlight the importance of taking clinical state into account in characterizing the airway bacterial community in this regard. We observed that a greater number of OTUs met our definition of persistent, which considers both rate of occurrence and relative abundance, when samples were limited to those obtained in the absence of antibiotic therapy.
Given these observations, it is important to note that the method of DNA extraction may have a significant impact on measures of the relative abundance of specific taxa. For example, we have shown recently that a method of DNA extraction that does not include the use of lysozyme and lysostaphin significantly underrepresents the abundance of Staphylococcus in CF sputum samples (14) . Thus, firm conclusions regarding the relative abundance of species in individual specimens must be made with caution. In comparing communities across multiple specimens, however, a given method of DNA extraction should impart equal bias across all samples; therefore, observed intersample differences would not be expected to be the result of the methodology used.
Finally, by using quantitative PCR we have shown, similar to the recent report by Stressmann and colleagues (15) , that the total bacterial density in the airway does not increase significantly at the time of pulmonary exacerbation. Our study extends these observations to show further that, as bacterial community diversity decreases with advancing age, progression of lung disease, and increasing antibiotic use, overall bacterial density remains relatively stable over prolonged periods of time. Our data suggest that, as community diversity decreases, the density of the remaining species increases to maintain a stable airway bacterial load. This result is most evident in the terminal treatment samples from patients P1 and P3, wherein bacterial density remained high (10 8 -10 9 copies/mL) in the context of markedly species-restricted airway communities and intensive antibiotic therapy.
In summary, this study describes the structure and dynamics of airway bacterial communities in persons with CF over periods of several years, relating these measures to changes in patients' clinical status and treatment. We describe diverse communities that, nevertheless, often are dominated by a few select genera. Our longitudinal analysis shows that high levels of diversity can be maintained for prolonged periods of time in patients with a mildly aggressive disease phenotype but that diversity decreases in patients with more typical progressive lung disease, being driven primarily by antibiotic therapy. We found that interpatient variability in community structures exceeds intrapatient variability in serial samples, indicating that patients harbor distinguishable communities. With decreasing diversity, communities converge to a narrower spectrum of distinct profiles, each being described by the dominant species present. Our analyses suggest that CF airway communities are resilient after antibiotic perturbation and that overall bacterial density remains relatively stable despite markedly decreasing diversity in the advanced stages of lung disease. Significant changes in community structure, diversity, or bacterial density at the time of pulmonary exacerbation were not observed. We have shown that patient clinical state and disease stage are critical in interpreting changes in the diversity and structure of the airway community, underscoring the importance of longitudinal studies in determining patterns of association between the CF airway microbiome and lung disease.
Materials and Methods
Patients, Sputum Specimens, and Medical Record Review. Sputum sample collection and medical record review were approved by the University of Michigan Institutional Review Board. Each of the 126 sputum specimens included in this study was assigned to one of four clinical states based on medical record review (see SI Materials and Methods for details). Antibiotic load was calculated as the sum of the number of days a patient received an antibiotic within the 30 d before sample collection (see SI Materials and Methods for details). 
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Patients, Sputum Specimens, and Medical Record Review. Sputum specimens, collected during the course of routine medical care, were obtained from the University of Michigan Health System clinical microbiology laboratory after processing for bacterial culture and were stored at −80°C in 0.5-mL aliquots. Specimens were assigned to one of four clinical states [baseline (B), exacerbation (E), treatment of exacerbation (T), recovering from exacerbation treatment (R)] based on medical record review, which assessed physician observations, patient-reported symptoms on the day of sputum collection, and antibiotic use within the 30 d before collection. Antibiotic load was calculated as the sum of the number of days a patient received an antibiotic for maintenance therapy or for treatment of a pulmonary exacerbation within the 30 d before collection (e.g., 1 d on one antibiotic was a load of 1; 1 d on two antibiotics was a load of 2; 2 d on one antibiotic was a load of 2; and so forth).
Definition of Exacerbation. Exacerbation of pulmonary symptoms was identified when explicit language existed in the medical record on or around the date of sputum collection indicating a cystic fibrosis (CF) pulmonary exacerbation ("doctor defined") or when a patient reported pulmonary symptoms that led to the prescription of episodic antibiotics to treat these symptoms. Relevant pulmonary symptoms included increase in cough, change in sputum production (volume and/or appearance), onset or increase of hemoptysis, increased shortness of breath, and/or decreased exercise tolerance. Any combination of two or more symptoms was considered sufficient as long as it was clear in the medical record that the antibiotic treatment was prescribed as a result of the increase in these symptoms. This definition is consistent with a recent consensus report defining exacerbation as the necessity of antibiotics indicated by a change in clinical parameters (1) .
Sputum DNA Extraction. Sputum aliquots were thawed on ice and incubated with an equal volume of 10% Sputolysin (EMD Chemicals) at 37°C for 30 min with pulse vortexing every 5 min. Samples that were not of uniform consistency after 30 min in the presence of Sputolysin were homogenized mechanically for 10 s with a tissue homogenizer (Omni International). Samples then were mixed with 0.9 volume of MagNA Pure Bacterial Lysis Buffer (Roche Applied Science), transferred to an UltraClean Fecal DNA bead tube (MO BIO Laboratories, Inc.), and agitated in a Mini-Beadbeater-8 (Biospec Products Inc.) for 1 min on maximum setting. After digesting with Proteinase K (final concentration 1.4 mg/mL) for 10 min at 65°C, samples were again agitated in the Beadbeater and incubated at 95°C for an additional 10 min. DNA was purified using a MagNA Pure Compact System (Roche) automated nucleic acid purification platform according to the manufacturer's DNA Bacteria v3.1 protocol.
Bar-Coded Pyrosequencing. DNA pyrosequencing was performed by the Human Genome Sequencing Center at Baylor College of Medicine. The V3, V4, and V5 hypervariable regions of the 16S rRNA gene were amplified using primer 357F (5′-CCTACGG-GAGGCAGCAG-3′) modified with the addition of the 454 FLX-titanium adaptor "B" sequence (5′-CCTATCCCCTGTG-TGCCTTGGCAGTCTCAG-3′) and primer 926R (5′-CCGTC-AATTCMTTTRAGT-3′) modified with the addition of unique six-to eight-nucleotide barcode sequences and the 454 FLXtitanium adaptor "A" sequence (5′-CCATCTCATCCCTGCGT-GTCTCCGACTCAG-3′). Barcode and adaptor sequences are found at http://www.hmpdacc.org/doc/HMP_MDG_454_16S_ Protocol_V4_2_102109.pdf. PCR amplification was performed on 2 μL of DNA template in a total volume of 25 μL containing 1× AccuPrime Buffer II (Invitrogen Corp), 320 μM of each primer, and 0.03 U/μL AccuPrime High-Fidelity Taq polymerase. Reactions were heated at 95°C for 2 min followed by 30 cycles of 95°C for 20 s, 50°C for 30 s, and 72°C for 5 min. The concentration of amplicons in each reaction was determined in triplicate using the PicoGreen fluorescent assay (Invitrogen Corp.), and amplicons were pooled in groups of 96 in equal proportion before being sequenced via 454 FLX-titanium according to the manufacturer's specifications.
DNA Sequence Processing and Analysis. Raw sequences were analyzed using mothur v. 1.21 (2) to remove sequences containing homopolymers greater than 8 bp, mismatches in the barcode or primer, one or more ambiguous bases, or an average quality score below 35 over a moving window of 50 bp. Remaining sequences that were at least 200 bp but less than 590 bp in length were curated further to remove chimeric sequences using UCHIME (3) and to reduce sequencing noise by a preclustering methodology (4) before being assigned to operational taxonomic units (OTUs) using an average neighbor algorithm with a 0.03 dissimilarity cutoff. The consensus taxonomy of each OTU was identified at the genus level using the Bayesian method (5) . OTUs of interest were classified further at the species level by BLASTn. The total number of reads for each community firstwas normalized to 1,152, the smallest number of reads among the 126 samples, to control for differences in sequencing depth before alpha (Shannon index) (6) and beta diversity analyses were calculated. Normalization to 1,152 reads still provided very good coverage; on average, 99.4% of sequence reads were associated with OTUs that were observed at least twice.
Quantitative PCR. Each 50-μL reaction contained 1× Taqman Universal PCR master mix (Applied Biosystems, Inc.), 400 nM of each primer, 100 nM of probe, and 1 μL of undiluted sputum DNA. Cycling conditions were as described (7) . Each run contained nontemplate control wells and a 10-fold dilution series of Pseudomonas aeruginosa genomic DNA. All samples were assayed in duplicate. Standard curve samples were converted from DNA concentration to 16S rRNA copy number based on four rRNA operon copies and 6,463,464 bp per P. aeruginosa genome and used to extrapolate total 16S rRNA operon copy number from cycle threshold values for sputum specimens. Operon copy number and genome size were averages calculated from the sequenced P. aeruginosa strains PA7, PAO1, and UCBPP-PA14 provided in the Ribosomal RNA Database (8) .
Data and Statistical Analyses. The Bray-Curtis distance, which incorporates both membership and abundance and is not affected by shared absence (i.e., zeros in the shared file), was used to compare beta diversity among samples. Log 2 -transformed abundance of each OTU was used to dampen the strong influence of dominant OTUs on the intersample comparison while maintaining the greater weight of abundant taxa relative to rare taxa (9) .
As described in the main text, the following statistical methods pertain to Fig. 1 and Fig. S1 . Because this longitudinal study involved analysis of serial dependent variables, the use of ANOVA and/or a t test to ascertain differences between categorical vari-ables would be inappropriate (i.e., violation of assumptions of independence and normality). Therefore, a linear mixed model that allows for dependence in measures within individual patients was applied to assess the differences in diversity between BETR categories while controlling for age (Fig. 1C ). Linear mixed models were conducted using the PASW Statistics 18 software package (IBM SPSS Statistics). Simple linear models within each patient were used separately to examine relationships between Shannon index and age in the R package Ade4. Regression lines were drawn by applying the intercept and slopes obtained from a linear regression model with Shannon index or adjusted Shannon index as the dependent variable and age or forced expiratory volume in 1 s (%FEV 1 ) as the independent variable. (Fig. 1B and  Fig. S1 ). Relationships between Bray-Curtis distances and patient variables, including age at time of sputum collection, %FEV 1 measurements obtained within 1 d of sputum collection, and antibiotic load within 30 d of sputum collection, were evaluated by the Mantel test in the R package vegan.
The remaining statistical methods pertain to results described in Table S2 and SI Results. Univariate and multivariate linear mixed models were performed to assess the impacts of age, %FEV 1 , and antibiotic load on diversity, with the Shannon index as the outcome variable and age, %FEV 1 , and antibiotic load as predictors. A P value less than 0.05 was used to indicate a significant association between a predictor and diversity. Two different units of scale for the predictors were evaluated (Table S2 ). In the first scale traditional units were used. In the second, standardized units, created by dividing each predictor by its corresponding population SD, were applied. The advantage of the latter scale is that the clinical impacts of these predictors across heterogeneous units of measure are comparable when predictors are considered side by side; each parameter is interpreted with respect to a one-SD change in its associated predictor.
SI Results

Community Diversity Relative to Disease Progression and Clinical
State. In Fig. 1C , the top and bottom boundaries of each box indicate 75th and 25th quartile values, respectively, and black lines inside each box represent 50th quartile (median) values. Ends of the whiskers mark the lowest and highest diversity index in each BETR category. The letters above the boxes indicate comparison results in group means; groups with the same letter do not have significant differences in means, but those indicated by different letters are significantly different. Treatment (T, n = 30) samples had significantly lower diversity than baseline (B, n = 50), exacerbation (E, n = 17), or recovering from exacerbation (R, n = 21) samples (P < 0.05, linear mixed model adjusted for age). R samples had significantly less diversity than E samples, as indicated by the letters above the whiskers. No significant differences in diversity were detected between B and E samples.
Impacts of Age, Antibiotic Therapy, and Lung Function on Diversity.
For a 1-y increase in age in univariate modeling, the Shannon index decreased by 0.087 [95% confidence interval (CI): 0.043, 0.132; P < 0.001]. However, after adjusting for antibiotic use and %FEV 1 , the statistical significance of age vanished (0.003 decrease per year; 95% CI: −0.054, 0.060; P = 0.91). For every 1% increase in %FEV 1 , the Shannon index increased by 0.019 (95% CI: 0.010, 0.027; P < 0.001). In the adjusted multivariate model this effect was weakened to being merely suggestive (0.007 increase; 95% CI: −0.004, 0.018; P = 0.18). A one-unit increase in the antibiotic use scale decreased the Shannon index by 0.011 (95% CI: 0.007, 0.014; P < 0.001). The univariate model including antibiotic use gave the smallest Akaike Information Criterion (AIC) value for predicting the Shannon index (228.97), indicating the best fit among the three univariate models. Antibiotic use also maintained strong statistical significance after adjusting for age and %FEV 1 in the multivariate model (0.009 decrease in Shannon index per unit increase; 95% CI: 0.005, 0.014; P < 0.001).
When translated into units of SD, the impact of antibiotic use demonstrates both statistical and clinical impact exceeding those of age and %FEV 1 in multivariate modeling. A one-SD higher antibiotic score is associated with a 0.306 lower Shannon index (95% CI: 0.153, 0.459 lower; P < 0.001), whereas for a one-SD increase in %FEV 1 , the increase in Shannon index was 0.171 (95% CI: −0.083, 0.424; P = 0.18) and for a one-SD increase in age, the decrease in Shannon index was merely 0.009 (95% CI: −0.157, 0.175 lower; P = 0.91). U U B B B B B B B B B B B B B B B B B . Patients S1 and S2 with nonΔF508/ΔF508 CFTR genotypes have significantly lower community diversities than do patients S3, P1, P2, and P3, all of whom have a ΔF508/ΔF508 CF genotype. (1) is adapted from an original analysis by Schluchter et al. (2) . The change in %FEV 1 over time for each patient is shown in black. No patient had severely aggressive disease (within the area bounded by red line); three patients (S1, S2, and S3) had mildly aggressive disease (outside the area bounded by green line); three patients (P1, P2, and P3) had moderately aggressive disease (occupying areas between red and green lines).
P1 P2 P3
A B Fig. S8 . Community structures in samples from the three progressing patients. PCoA based on Bray-Curtis distances was used to compare communities in samples obtained when %FEV 1 was >40 (A) or ≤40 (B). In the early stages of disease communities could not be differentiated by patient; however, with disease progression, communities from patient P1 became distinct from those from patients P2 and P3 (see also Table S4 ). The scale and variations explained PC1 (12.7%) and PC2 (6.4%) are the same in each plot. The distances between circles on the ordination indicate the relative similarities in community membership. For each patient or set of patients, the proportion of samples positive for OTUs with a relative abundance of >1% in at least one sample was calculated. Numbers are in percent (%) and represent the proportion of the total number of samples that contain the specified OTU. Values are color coded as follows to indicate the percent of samples within the group positive for each OTU: white, no samples positive; light pink, >0% to <25% samples positive; dark pink, ≥25% to <50% samples positive; purple, ≥50% to <75% samples positive; violet, ≥75% samples positive. Pseudomonas-1 represents Pseudomonas aeruginosa. Streptococcus-1 represents species within the Streptococcus mitis group. Streptococcus-2 represents species within the Streptococcus milleri group. Univariate models study each predictor separately in predicting diversity. Multivariate models account for all predictors simultaneously in predicting diversity. AIC, Akaike Information Criterion. Table S3 . Average relative abundance (%) of persistent OTUs S1 S2 S3 P1 P2 P3 P1  P1L  P2  P2L  P3  P3L   P1  P1L  NS  P2  NS  *  P2L  *  *  NS  P3  NS  NS  NS  NS  P3L * * * NS NS Pairwise comparison of samples collected when %FEV 1 was >40 (P1, P2, P3) or when %FEV 1 was ≤40 (P1L, P2L, P3L). NS, not significant. *Indicates statistically significant difference in community structures (P values less than the Bonferroni adjusted significance level of 0.0024). Communities from early stages of disease are not significantly different between patients; however, in the late stage of disease, communities from P1 become significantly different from those in P2 and P3.
